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NOMENCLATURE
A vo.d area of the partially filled horizoatal pipe
v
E fraction of the total amount of water initially
present in the rest section removed by the air
stream within a given time
H distance from the liquid surface to the upper
pipe surface
M air mass flow rate,	 lbmimin.
H M
NRe
air Reynolds n imher, NRe
	 A 7u
v a
t time
u r'yr.amic	 liquid viscosity
u a dynamic viscosity of air
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INTRODUCTION
•	 -	 This is the Fourth Annual Progress Report for NAS6-11334,
RESEARCH STUDY FOR DETERMINATION OF LIQUID SURFACE PROFILE IN A CRYOGEN-
IC TANK DURING GAS INJECTION. The period covered is June 18, 1967 to
June 17, 19613. This report constitutes a compilation of the salient
features of all previous quarterly reports for the period covered.
INTRO O  
i   h r ual r eport ASb-11334. 
~StARC TUDY  I O   FI  OGEN-
C ANK NG GAS INJhCTION. h eri  er .  
. 8. i rt nsti pilati  f t  sali t 
u e   o  r r er . 
ANALYSIS OF PROGRESS
The primary effort during the past year has been to determine
entrainment of an entrapped liquid as a function of time duration of
air flow, air flow rate, viscosity of entrapped liquid, and fraction
of test configuration volume occupied initially by the entrapped fluid.
Three test configurations were used in the study.
In this research the word entrainment is defined as liquid removal
by an air stream, regardless of the precise manner in which the liquid
is transported, that is, whether it is carried by the air as liquid
droplets or as a flowing film. A dimensionless entrainment E is defined
as the ratio of the amount of liquid removed in a given time to the
initial amount of liquiu entrapped in the piping system.
An experimental study of the test section show below was reported
in Annual Report #3.
Test Section Two
The results of this study were analyzed in terms of the air mass
flow rate, expressed as Reynolds number N Re , and time duration t. The
functional relationship
E = f (N Re, u, t)
- 2 -
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was sought, where
HvM
N Re	 Avua
in which H  is the distance from the liquid surface to the upper pipe
surface, measured along the vertical diameter; M is the air mass flow
rate; A
v	 a
is the void arLa of the hori-ontal pipe; and u	 is the air
viscosity. A functional relationship of the form
E = A + B lnp
was developed for test section two for two different depths of entrapped
liquid. These were for the test section initially occupied by 1/4 and
1/L the total volume of the test section. In each case coefficient A
was found to be only a function of Reynolds number while coefficient B
was found to be a function of Reynolds number and time. The results of
the predictive equation are plotted along with the experimental data.
These plots indicate that a satisfactory predictive equation has peen
determined.
Test secti.on two was modified by replacing the pyrex exit pipe
with a steel exit pipe as in,A cated below.
Test Section Two-S
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Steel Exit Pipe 
t o-  
FN
Experiments were conducted to determine the influence of the
roughness of the vertical exit pipe upon the entrainment of a liquid
by an air stream. Test section two-S had a relative roughness, which
is defined as Elie ratio of the height of surface partrusions to the
niameter of the pipe, of approximately 9.0 x lU 4 . The data obtained
with this test section were plotted as entrainment versus liquid vis-
cosity along with the data and correlation equation from test section
two. These graphs indicate that the entrainment is not significantly
influenced by an exit pipe with a relative roughness of approximately
9.0  x LU_4
The test configuration shown below was also studied during this
report period.
Test Section Four
Experiments were conducted to determine what influence air
injection in the center of the test section had on the entrainment oT
the entrapped liquid. The data obtained with test section four were
plotted along with the data and the correlation equation for test
section two. These graphs show that the entrainment is essentially
the same for the two test sections.
- 4 -
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tPROGRESS
Test Section Two
	
During the past year correlation equations were developed for	
1
	
test section two shown schematically in Figure 1. The equations are 	 i
of the general form
E = A + B In p	 (1)
By using least squares curve fitting techniques, A was found as a
function of Reynolds number and B was found as a function of Reynolds
number and time for both the 1/4 filled and the 1/2 filled cases.
These cases were for the test section initially occupied by 1/4 and
1/2 the total volume of the test section. For both cases the general
form of A and B was found to be the same:
C 2N Re
A = 1.0 - Cle
Cot	 C6t
ln(-B) = C 
3 
e	 + C 5e	 In NRe
For the 1/4 filled case the constants were found to be	
N^
C 1	= 53.53
C2	= -0.000U94
C3	= 26.11
C4	- -0.2334
- 5 -
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tC 5 = -2.160
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 = -0.08915.
For the 1/2 filled case the constants were found to be
C 1 = 9.087
C 2 =	 -0.00006785
C 3 =	 47.84
C4 =	 -0.04620
C 5 =	 -4.639
C 6 =	 -0.03845
i
The curves predicted by equation (1) are plotted in Figures 5 through
8 for the 1/4 filled case and in Figures 9 through 12 for the 1/2
filled case. The corresponding experimental data found in Tables 3
and 4 are shown on these plots for comparison.
The graphs show that the correlation equations predict the
experimental data satisfactorily. An error analysis is shown in
Table 1 for the 1/4 filled case and in Table 2 for the 1/2 filled case.
These tables show that 95% of the data are predicted with less than
15% error for the 1/4 filled case. For the 1/2 filled case 99% of the
data are predicted with less than 15% error.
Determining Effects of Roughness of the Vertical Exit Pipe
In order to ascertain the significance of the roughness of the
vertical exit pipe upon the entrainment of a liquid by an air stream
- 6 -
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a test section was constructed in which steel pipe was used as the
vertical exit pipe. This test section is shown schematically in
Figure 2 . The data obtained with steel pipe were compared with pre-
vious data taken with the test section shown in Figure 1 in which
pyrex was used as the exit pipe. Pyre:; is considered to be smooth,
whereas steel pipe has a relative roughness of approximately
9.0 x 10-4.
The data from the test section two-S are presented in Figures
13 through 20 as plots of entrainment E versus normalized voscosity P.
Reynolds number and time duration are parameters in each of the graphs.
These data are also tabulated in Tables 5 and 6. The normalized vis-
cosity is defined as the viscosity of the entrapped fluid divided by
the viscosity of water at standard conditions. The Reynolds number
for air is defined as
H M
v
N Re 
= Av ua
where M is the air mass flow rate, H is the initial void height, A
v	 v
is the initial void area, and 
p  
is the viscosity of air.
Figures 13 through 16 show a comparison of the data for test
section two-S and the correlation equation for test section two for
the 1/4 filled case. In each of these plots, the entrainment for test
section two-S is slightly less than that of test section two.
The Reynolds numbers for the two test sections are as follows:
t t a nstr t  i  hi  t l i  as s  as t  
ert l i  This test secti n is s n schematicall  i  
i The data obtained with st el pipe were compared with pre-
i at  t it t  t st t  s  i  i ure  i  hich 
r  as s  s t  xit pi e. Pyre:~ is considered to be smooth, 
hereas l i  s r l t  r hness of approxi atel  
.   0-4 • 
t o t t t  t r  r t  i  i gures 
 ou     rainm  sus l zed v ty ~. 
eynol ber t m r t  ar eter i   f t  r hs. 
e t e l     The normalized vis-
si i si t t  i   
y  t   tand d i io . The Reynolds nu ber 
f  
her  h   ru  flow rate, H i  t e i iti l i  ei t   
  
d  nd ~ s si f ir. 
a 
ou  o pari t t 
o  rr l o at t t t  
h  4 illed . In each of these plots, t e entr ent f r t st 
o  t  l  t  t at of t st secti n t o. 
 e ol ber f r t  t  t st secti s are as foll s: 
t.4
Test Section Two	 Test Section Two-S
	
NRe x 10-4	 NRe x 10-4
	
1U.80	 9.83
	
7.82	 7.56
	
6.45
	
6.29
	
5.20	 5.01
Notice that in each case the Reynolds number for test section two-S
is less than for test section two. It is believed ti,at t his difference
in Reynoldss number is responsible for the slight difference in the
entrainment data for the two test sections.
Entrainment data for the two test sections are presented in
Figures 17 through 20 for the 1/2 filled case. It may be noted from
these plots that for Reynolds numbers of 11.18 x 104 and 8.27 x 104,
the data for steel exit pipe are in excellent agreement with that for
the pyrex exit pipe. For Reynolds numbers of 7.14 x 10 4 ana 5.94 x
104 , however, the entrainment for test section two is slightly greater
than for test section four. Again this aisagreement may be accounted
for by comparing the Reynolds numbers for the two test sections. The
Reynolds numbers for the two test sections are as follows:
Test Section Two	 Test Section Two-S
NRe x 10-4	 NRe x 10-4
	
11.20	 11.18
	
8.31	 8.27
	
6.94	 7.14
	
5.50	 5.94
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The Reynolds numbers for test section two-S are greater than for test
section two in the two cases where a noticeable disagreement in
entrainment data occurs. This difference in Reynolds number is
believed to account for the increased entrainment in the two flow
rates in question. The difference in the Reynolds numbers cannot be
avoided experimentally since they are computed from an average mass
flow rate.
The data for the steel exit pipe and the pyrex exit pipe pre-
sented in Figures 13 through 20 are in very good agreement. It is
thus concluded that the roughness of the vertical exit pipe has
negligible effect upon the entrainment of a liquid by an air stream.
Test Section Four
Test section four is shown schematically in Figure 3 and pic-
torially in Figure 4. It was used to determine the effect of the air
stream entering the center of the zone of entrapped liquid.
The data for the 1/4 filled case are tabulated in Table 7.
Figures 21 through 24 show a plot of entrainment versus viscosity for
the 1/4 filled case. Also shown on these graphs are lines represent-
ing the overall correlation equation from test section two, On each
curve there are data for two average Reynolds numbers for each of the
two test sections. The data for Reynolds number of 7.25 x 10 4 for
test section four are compared to the dais for a Reynolds number of
7.62 x 104 for test section two. Likewise, the data for a Reynolds
number of 6.25 x 104 and 6.45 x 104 are compared. Although the data
are somewhat scattered, they strongly indicate that the entrainment
- 9 -
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est  The difference in the Reynolds numbers cannot be 
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lo r t . 
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 hroug   e n y od agreem . It is 
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hrou  o  t ain t r i si r 
h  illed  Also sh n on these graphs are li es represent-
n h r l  ion e ion from te  se tion two . On each 
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w  io  4 The data for Reynolds nu ber of 7.25 x 10  
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afor test section four is the same as for test section two for the 1/4
filled case.
The data for the 1/2 filled case are tabulated in Table 8. The
graphs comparing the data for test section four and test section two
are shown in Figures 25 through 28. For the 1/2 filled case the data
for test section four at a Reynolc:° number of 8.31 x 10 4 are compared
to the data for a Keynolds number of 8.30 x 10 4 . Also, data for a
Reynolds number of 6.99 x 10 4 for test section four are compared to
the data for test section two at Reynolds number of 6.94 x 104.
Many more data points were obtained for the 1/2 filled case
than for the 1/4 filled case. The data for test section four agree
excellently with the data for test section two for the 1/2 filled case.
It appears from both the 1/4 and 1/2 filled cases that the
entrainment for test section four is the same as for test section two
for corresponding Reynolds numbers. This indicates that the position
of entry point of the air makes little difference in removal of the
liquid.
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Table 1.	 Error Analysis for Equation (1) 1/4 Filled Case.
Maximum Error
	 24.7%
Error < 5%
	
For 72% of Data
Error < 10%
	
For b5% of Data
Error < 15%
	
For 95% of Data
Table 2.	 Error Analysis for Equation ()) 1/2 Filled Case.
Maximum Error
	 18.1%
Error < 5%
	
For 79% of Data
Error < 10%
	
For 9b% of Data
Error < 15%
	
For 99% of Data
f
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Figure 1. Schematic Diagram of Test Section Two
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PLANS FOR NEXT YEAR
The efforts during the next year will be divided into two
parts:
(1) The development of a more useful presentation of the
entrainment data already obtained,
(2) and the investigation of additional test configurations.
The first objective will be accomplished so that a practicing engineer
can easily obtain the necessary information to •iesign a system which
will evacuate a piping system containing entrapped liquid. In parti-
cular, plots of entrainment E versus time t will be gent-rated from
i
the overall correlation equation. A plot of this type for one parti-
cular mass flow rate and for three viscosities is shown in Figure 29.
A complete set of plots such as the one shown in Figure 29 will be
proauced to include a wide range of viscosities and mass flow rates
for both the 1/4 and 1/2 filled cases. Since the upstream pressure
is a convenient variable to measure ano control, work will be done to
present the entrairment data as a function of upstream pressure.
Tne additional test configuration which will be studied during
_he nexL year are shown in Figures 30 and 31. The data obtained from
these test configurations will be used to modify the correlation
equation so that an overall correlation equation can be obtained.
f
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APPENDIX
TABULATED LIQUID ENTRAINMENT DATA
I  
 Q  N  
Table 3. Entrainment Data for Test Section Two, 1;4 Filled for
Various Entrapped Liquid Viscosities and Air Flow Rates
for the Pyrex Exit Pipe.
Time, Upstream Average Liquid	 Entrainment
Minutes Air Pressure, Reynolds Viscosity,
Inches hg Number Centipoise
x 10-4
2 6.4 5.20 164.00 0.458
2 6.4 5.20 156.00 0.392
2 6.4 5.20 117.00 0.454
2 6.4 5.20 114.00 0.400
2 6.4 5.20 91.60 0.408
2 6.4 5.20 74.50 0.446
2 6.4 5.20 40.80 0.442
2 6.4 5.20 24.60 0.443
2 6.4 5.20 7.21 0.507
2 6.4 5.20 4.08 0.467
2 6.4 5.20 2.04 0.578
2 9.6 6.45 185.00 0.704
2 9.6 6.45 146.00 0.710
2 9.6 6.45 68.50 0.743
2 9.b 6.45 32.30 0.786
2 9.6 6.45 9.38 0.818
2 12.8 7 82 216.00 0.846
2 12.8 7.82 160.00 0.850
2 12.8 7.82 32.40 0.915
2 12.8 7.82 19.60 0.850
2 12.8 7.82 17.50 0.895
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3Table 3. (Continued)
ff
k
Time,
Minutes
Upstream
Air Pressure,
Inches Hg
Average
Reynolds
Number
x 10-4
Liquid
Viscosity,
Centipoise
Entrainment
2 12.8 7.82 8.46 0.935
2 12.8 7.82 4.12 0.905
2 19.2 10.80 143.0U 0.930
2 19.2 10.80 42.00 0.917
2 19.2 10.80 35.90 0.981
2 19.2 10.80 13.80 0.936
2 19.2 10.80 9.78 0.978
2 19.2 10.80 3.65 0.988
2 19.2 10.80 1.39 0.986
5 6.4 5.20 160.00 0.535
5 6.4 5.20 155.00 0.496
5 6.4 5.20 117.00 0.582
5 6.4 5.20 117.00 0.545
5 6.4 5.20 91.60 0.518
5 6.4 5.20 74.50 0.547
5 6.4 5.20 54.00 0.493
5 6.4 5.20 29.30 0.475
5 6.4 5.20 8.46 0.582
5 6.4 5.20 6.00 0.504
5 6.4 5.20 2.66 0.607
6.4 5.20 1.39 0.619
9.6 6.45 200.00 0.815
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Table 3. (Continued)
Time
Minutes
Upstream
Air Pressure,
Inches Hg
Average
Reynolds
Number
x 10-4
Liquid
Viscosity,
Centipoise
Entrainment
5 9.6 6.45 146.00 0.825
5 9.6 6.45 68.50 0.822
5 9.6 6.45 30.10 0.836
5 9.6 6.45 9.38 0.854
5 12.8 7.82 216.00 0.924
5 12.8 7.82 160.00 0.926
5 12.8 7.82 33.50 0.944
5 12.8 7.82 9.29 0.943
5 12.8 7.82 4.12 0.925
5 12.8 7.82 1.44 0.946
5 19.2 10.80 238.00 0.968
5 19.2 10.80 143.00 0.955
5 19.2 10.80 34.70 0.993
5 19.2 10.80 10.30 0.981
5 19.2 10.80 3.65 0.996
5 19.2 10.60 1.38 0.993
10 6.4 5.20 170.00 0.535
10 6.4 5.20 162.00 0.607
10 6.4 5.20 123.00 0.660
10 6.4 5.20 117.00 0.600
10 6.4 5.20 114.00 0.600
l0 6.4 5.20 58.80 0.579
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Table 3. (Continued)
Time,
Minutes
Upstream
Air Pressure
Inches Hg
Average
Reynoids
Number.
x lU-4
Liquid
Viscosity,
Centipoise
Entrainment
10 6.4 5.20 54.40 0.640
10 6.4 5.20 39.60 0.565
10 6.4 5.20 9.00 0.589
10 6.4 5.20 6.28 0.554
10 6.4 5.20 2.66 0.653
10 6.4 5.20 1.39 0.670
10 9.6 6.45 230.00 0.860
10 9.6 6.45 i50.00 0.846
10 9.6 6.45 73.50 0.864
lU 9.6 6.45 29.95 0.851
10 9.6 6.45 9.83 0.893
10 12.8 7.82 228.00 0.965
10 12.8 7.82 160.00 0.957
10 12.8 7.82 46.40 0.868
10 12.8 7.82 35.20 0.960
10 12.8 7.82 8.74 0.943
10 12.8 7.82 4.12 0.931
lU 12.8 7.82 1.44 0.947
10 19.2 10.80 265.00 0.982
10 19.2 10.8U 128.U0 0.960
10 19.2 10.80 34.30 0.993
10 19.2 10.80 ?0.30 0.993
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Table 3. (Continued)
Time, Upstream Average Liquid Entrainment
Minutes Air Pressure Reynolds Viscosity,
Inches hg Number Centipoise
10-4x
15 6.4 5.20 185.00 0.550
15 b.4 5.2U 162.00 0.631
15 b.4 5.2U 141.00 0.715
15 b.4 5.2U 136.00 0.650
15 6.4 5.20 12b.00 0.633
15 6.4 5.20 74.50 O.b18
15 b.4 5.20 65.50 '.660
15 6.4 5.20 56.30 O.tb10
15 6.4 5.20 10.60 0.611
15 6.4 5.20 7.45 0.561
15 b.4 5.20 2.66 0.667
15 b.4 5.20 1.39 0.700
15 9.6 6.45 230.OU 0.893
15 9.6 6.45 15b.00 0.682
15 9.6 6.45 81.50
i
0.885
15 9.b b.45 30.90 0.858
15 9.6 b.45 11.10 0.886
15 12.8 7.82 228.00 0.968
15 12.8 7.82 lb0.00 U.965
15 12.8 7.82 38.10 0.972
15 12.8 7.82 8.76 0.968
-49-n
1-
_^^
s
l  (Conti e<1) 
i e, pst ea  ver  i i  t n t 
inutes i r r  nol  iscosit , 
H  ber enti i  
x 10-4 
  2U .  5  
.) 6  0 .  6  
 6  0 .  7  
 6  2  .  6  
   ~  6  
    0 6  
    '  
   3U 0 61  
    6  
    5  
    6  
    7  
   .00 8  
  b  6.  B  
,)    .l:S  
  0   8  
  6   .8l:s  
 .  .l:S  2l:S.UO 9  
 .   16 .  0 9  
 .    9  
 .    9  
4  
3- 50 -
Table 3. (Continued)
Time,	 Upstream	 Average	 Liquid	 Entrainment
Minutes	 Air Pressure	 Reynolds	 Viscosity,
Inches hg	 Number	 Centipoise
x 10-4
15 19.6 10.60 265.00 0.982
15 19.6 10.60 126.0U 0.986
15 19.b 10.80 3b.50 0.996
15 19.8 10.80 10.54 0.995
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Table 4. Entrainment Data for Test Section Two, 1/2 Filled for
Various Entrapped Liquid Viscosities and Air Flow Rates
for the Pyrex Exit Pips.
Time, Upstream Average Liquid Entrainment
Minutes Air Pressure, Reynolds Viscosity,
Inches hg Number Centipoise
x 10-4
2 6.4 5.50 297.00 0.466
2 6.4 5.50 89.00 0.598
2 b.4 5.50 o3.OU 0.621
2 6.4 5.50 63.00 0.653
2 6.4 5.50 53.50 0.618
2 6.4 5.50 42.80 O.b43
2 6.4 5.50 7.00 O.b66
2 b.4 5.50 4.50 0.675
2 6.4 5.50 3.58 0.794
2 6.4 5.:,0 2.60 0.813
2 9.b b.94 222.00 0.734
2 9.b b.94 173,00 0.800
2 9.b 6.94 1)2.00 0.795
2 9.6 6.94 81.00 0.824	 1
2 9.6 6.94 46 20 0,834
2 9.6 6.94 21.00 0.839
2 9.6 b.94 7.40 0.889
2 9.6 b.94 4.30 0.941
2 9.6 6.94 3.90 0.669
2 9.6 6.94 2.13 0.956
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Table 4. (Continued)
Time, Upstream Average. Liquid Entrainment
Minutes Air Pressure, Reynolds Viscosity,
Inches Hg Number Centipoise
10-4x
2 12.3 8.31 224.00 0.858
2 12.8 8.31 187.00 0.874
2 12.8 8.31 171.00 0.884
2 12.8 8.31 103.00 0.907
2 12.8 8.31 58.00 0.898 -
2 12.8 8.31 33.80 0.908
2 12.8 8.31 17.70 0.9=0
2 12.8 8.31 8.20 0.950
2 12.8 8.31 4.30 0.974
2 12.8 8.31 2.13 0.983
2 19.2 11.20 240.00 0.992
2 19.2 11.20 201.00 0.993
2 19.2 11.20 110-00 0.988
2 19.2 11.20 b7:00 0.952
2 19.2 11.20 34,70 0.962
2 19.2 11.20 20.30 0.972
2 19.2 11.20 8.80 0.988
2 19.2 11.20 4.85 0.995
2 19.2 11.20 2.13 0.990
5 6.4 5.55 297,00 0.599
5 6.4 5.55 98.00 0.682 =
5 6.4 5.55 65.00 0.707
-52-
e
a l . onti ed) 
i e, p t  verage i i  ntr i ent 
i t  i  r ss re , l s ~  , 
 r enti i  
x 10-4 
 .    .M  
  3  0  8  
  ~     
Z    9  
  3   M9M 
   MO  
  3   o no 
 M  2  9  
     
2 M    
2 .     
 9 .    9  
 9 .   .   
 9   67 .   
 9   4 .   
 9     
 9   .   
 9   : •    
 9    .  
 .   97  .  
 .   8    
   .  .  
- 5  
Table 4. (Continued)
Time,	 Upstream	 Average	 Liquid	 Entrainment
Minutes	 Air Pressure,	 Reynolds	 Viscosity,
W-
	
Inches Hg	 Number	 Centipoise
x 10-4
5 6.4 5.55 62.8U 0.693
5 b.4 5.55 42.80 0.689
5 6.4 5.55 15.40 0.68b
5 b.4 5.55 7.40 0.708
5 6.4 5.55 4.13 0.829
5 6.4 5.55 3.30 0.725
5 6.4 5.55 2.b0 0.864
5 9.6 6.94 222.00 0.852
5 9.6 6.94 173.00 0.879
5 9.6 6.94 102.00 0.872
5 9.6 b.94 64.00 0.889
5 9.6 6.94 51.00 0.864
5 9.6 6.94 16.50 0.858
5 9.6 6.94 7.40 0.923
5 9.6' 6.94 4.30 0.949
5 9.b b.94 3.90 0.894
5 9.6 6.94 2.13 0.956
5 12.60 8.31 224.00 0.933
5 12.80 8.31 187.00 0.874
5 12.80 8.31 160.00 0.941
5 12.80 8.31 60.00 0.914	 =
5 12.80 8.31 33.80 0.934
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Table 4. (Continued)
Time,
Minutes
Upstream
Air Pressure,
Inches hg
Average
Reynolds
Number
x 10-4
Liquid
Viscosity,
Centipoise
Entrainment
5 12.80 8.31 17.90 0.940
5 12.80 8.31 8.20 0.966
5 12.80 8.31 4.30 0.984
5 12.80 8.31 2.13 0.996
5 19.2 11.20 246.00 0.986
5 19.2 11.20 201.00 U.980
5 19.2 11.20 108.00 0.983
5 19.2 11.20 67.UU 0.992
5 19.2 11.20 34.70 0.982
5 19.2 11.20 20.30 0.996
5 19.2 11.20 8.80 0.996
5 19.2 11.2U 4.85 0.999
5 19.2 11.20 2.13 0.999
10 6.4 5.55 312.00 0.684
10 6.4 5.55 98.UU 0.745
lu 6.4 5.55 76.00 0.745
10 6.4 5.55 62.00 0.742
10 6.4 5.55 42.80 0.725
10 6.4 5.55 17.30 0.715
lU 6.4 5.55 7.40 0.724
10 6.4 5.55 4.30 0.839
lU 6.4 5.55 2.72 0.729
1
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Table 4. (Con*inued)
Time, Upstream Average Liquid Entrainment
Minutes Air Pressure, Reynolds Viscosity,
Inches hg Number Centipoise
10-4x
10 6.4 5.55 2.30 0.868
10 9.6 6.94 224.00 0.900
10 9.6 6.94 171.00 0.910
-	 10 9.6 6.94 107.00 0.900
10 9.6 6.94 72.00 0.898
10 9.6 6.94 46.00 0.874
10 9.6 6.94 18.10 0.880
i0 9.6 6.94 7.60 0.933
10 9.6 6.94 4.30 0.95b
10 9.b 6.94 2.13 0.974
10 12.8 8.31 228.00 0.964
10 12.8 8.31 191.00 0.958
10 12.8 8.31 180.00 0.963
10 12.8 8.31 112.00 0.944
10 12.8 8.31 60.00 0.926
10 12.8 8.31 36.00 0.940
10 12.8 8.31 19.50 0.962
10 12.8 8.31 8.20 0.973
10 12.8 8.31 4.30 0.986
10 12.8 8.31 .13 0.999
10 19.2 1.1.20 240.00 0.989
10 19.2 11.20 2U1.00 0.987
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Table 4. (Continued)
Time, Upstream Average Liquid Entrainment
Minutes Air Pressure, Reynolds Viscosity$
Inches Hg Number Centipoise
x lU-4
10 19.2 11.20 110.00 0.985
10 19.2 11.20 67.00 0.999
10 19.2 11.20 40.70 0.978
10 19.2 11.20 2.30 1.000
lU 19.2 11.20 8.80 0.9,6
10 19.2 11.20 !:.85 0.99b
10 19.2 11.20 4.85 1.00
15 6.4 5.55 312.00 0.719
15 6.4 5.55 112.00 0.766
15 6.4 5.55 93.00 0.753
15 b.4 5.55 81.00 0.755
15 6.4 5.55 43.80 0.754
15 6.4 5.55 19.00 0.718
15 6.4 5.55 7.40 0.729
15 6.4 5.55 4.53 0.845
15 6.4 5.55 2.72 0.729
15 6.4 5.55 2.30 0.879
15 9.6 6.94 224.OU 0.939
15 9.6 6.94 171.00 0.927
15 9.6 6.94 1U7.00 0.91b
15 9.6 6.94 72.00 0.908
15 9.6 b.94 46.bO 0.874
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Table 4. (Continued)
Time, Upstream Average Liquid Entrainment
Minutes Air Pressure, Reynolds Viscosity,
Inches hg Number Centipoise
x lU-4
15 9.6 6.94 20.30 0.888
15 9.6 6.94 7.80 0.936
15 9.6 6.94 5.20 0.919
15 9.6 6.94 4.30 0.961
15 9.6 6.94 2.13 0.974
15 12.8 8.31 228.00 0.986
15 12.8 8.31 191.00 0.967
15 12.8 8.31 180.00 0.589
15 12.8 8.31 112.00 0.962
15 12.8 8.31 67.00 0.944
15 12.8 8.31 36.00 0.950
15 12.8 5.31 20.90 0.964
15 12.8 8.31 8.20 0.978
15 12.8 8.31 4.85 0.988
15 12.8 8.31 2.13 1.000
.L5 19.2 11.20 240.00 0.992
15 19.2 11.20 201.00 0.993
15 19.2 11.20 11U.00 U.988
15 19.2 11."U E7.OU 1.000
15 19.2 11.20 40.70 U.99U
15 19.2 11.2U 20.30 1.000
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Table 4. (Continued) 
Time, Upstream Average Liquid Entrainment 
Minutes Air Pressure , Reynolds Viscosity , 
I nches Hg Numb r Centipoise 
x 10-4 
15 19.2 11.20 8.80 0.995 
1 ~ 19 . 2 11.20 4. 85 1.000 
15 19.2 11. 2() 2 . 13 1.000 
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Table 5. Entrainment Data for Test Section Two-S, 1/4 Filled, for
Various Liquid
Steel Exit Pip-^.
Viscosities aiid Air Flow Rates for the
Time, Upstream Average Liquid Entrainment
Minutes Air Pressure, Reynolds Viscosity,
Inches Hg Number Centipoise
10-4x
2 6.4 5.01 117.50 0.350
2 6.4 5.01 108.00 0.3b4
2 6.4 5.01 82.50 0.368
2 6.4 5.01 64.b0 0.353
2 6.4 5.01 36.60 0.414
2 6.4 5.01 20.10 0.393
2 6.4 5.01 14.50 0.389
2 6.4 5.01 5.34 0.528
2 6.4 5.01 3.15 0.557
2 9.b b.29 147.00 0.628
2 9.6 6.29 35.00 0.775
2 9.6 6.29 31.50 0.725
2 9.5 6.29 7.29 0.824
2 9.6 6.29 3.90 0.894
1 9.b 6.29 2.4: 0.856
2 12.8 7.56 53.60 0.823
2 12.8 7.56 37.40 0.907
2 12.8 7.56 33.5U 0.850
2 12.8 7.56 10.20 0.889
2 12.8 7.56 2.60 0.960
2 12.8 7.56 2.35 0.945
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ITable 5. (Continued)
Time, Upstream Average Liquid Entrainment
Minutes Air Pressure, Reynolds Viscosity,
Inches Hg Number Centipoise
10-4x
2 19.2 9.83 82.50 0.921
2 19.2 9.83 48.80 0.971
2 19.2 9.83 41.70 0 946
2 19.2 9.83 7.20 0.996
2 19.2 9.83 2.75 0.983
2 19.2 9.83 2.60 0.964
5 6.4 5.01 264.00 0.325
5 6.4 5.01 122.50 0.475
5 6.4 5.01 114.00 0.400
5 6.4 5.01 82.50 0.475
5 6.4 5.01 69.60 0.474
5 6.4 5.01 35.00 0.489
5 6.4 5.01 23.40 0.428
5 6.4 5.01 20.10 0.486
5 6.4 5.01 5.34 0.568
5 6.4 5.01 3.80 0.649
5 6.4 5.01 3.30 0.725
5 9.6 6.29 151.00 0.754
5 9.6 6.29 35.00 0.836
5 9.6 6.29 27.00 0.775
5 9.6 6.29 7.29 0.843
5 9.6 6.29 3.90 0.894
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Table 5. (Continued)
Time, Upstream Average Liquid Entrainment
Minutes Air Pressure, Reynolds Viscosity,
Inches Hg Number Centipoise
x 10-4
5 9.6 6.29 2.26 0.884
5 12.8 7.56 53.60 0.865
5 12.8 7.56 44.40 U.922
5 12.8 7.56 31.70 0.874
5 12.8 7.56 11.10 0.917
5 12.8 7.56 2.60 0.985
g 5 12.8 7.56 2.37 0.950
5 19.2 9.83 68.00 0.965
5 19.2 9.83 48.80 0.971
5 19.2 9.83 38.70 0.964
5 19.2 9.83 6.55 1.000
' 5 19.2 9.83 2.75 0.996
5 19.2 9.83 2.60 0.993
10 6.4 5.01 264.00 0.386
10 6.4 5.01 133.00 0.467
10 6.4 5.01 124.00 0.521
10 6.4 5.01 108.00 0.554
10 6.4 5.01 82.50 0.569
10 6.4 5.01 38.80 0.528
10 6.4 5.01 32.70 0.540
10 6.4 5.01 28.40 0.528
10 6.4 5.01 7.23 U.622
W,
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Table 5. (Continued)
Time,	 Upstream	 Average	 Liquid	 Entrainment
Minutes	 Air Pressure,	 Reynolds	 Viscosity,
Inches hg	 Number	 Centipoise
x 10-4
5.01
5.01
6.29
6.29
6.29
6.29
6.29
6.29
7.56
7.56
7.56
7.56
7.56
7.56
9.83
9-83
9.83
9.83
9.83
9.83
5.01
5.01
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3.70
2.72
151.00
38.50
28.10
8.90
3.90
2.26
60.00
44.40
35.20
7.60
2.64
2.60
68.00
48.80
40.50
6.55
2.75
2.60
264.00
148.00
0.664
0.729
0.818
0.850
0.850
0.785
0.900
0.904
0.900
0.934
0.894
0.946
0.955
0.985
0.973
0.975
0.978
1.000
1.000
0.996
0.423
0.500
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ITable 5. (Continued)
Time, Upstream Average Liquid Entrainment
Minutes Air Pressure, Reynolds Viscosity,
Inches Hg Number Centipoise
x lU-4
15 6.4 5.01 124.U0 0.526
15 6.4 5.U1 100.00 0.589
15 b.4 5.01 97.20 0.596
15 b.4 5.01 44.60 0.564
15 6.4 5.01 32.70 0.604
15 6.4 5.01 32.40 0.554
15 6.4 5.01 7.23 0.629
15 6.4 5.01 2.72 0.729
15 6.4 5.01 2.28 0.685
15 9.6 6.29 144.00 0.823
15 9.b 6.29 38.50 0.879
15 9.b b.29 29.3U 0.815
15 9.6 6.29 13.80 0.872
15 9.6 b.29 5.20 0.919
15 9.6 b.29 2.54 0.90b
15 12.8 7.5b 65.60 0.9U9
15 12.8 7.5b 44.90 0.968
15 12.8 7.5b 35.50 0.900
15 12.8 7.5b b.89 0.9b4
15 12.8 7.56 2.60 0.990
15 12.8 7.56 2.bU U.9bO
15 19.2 9.83 68.00 0.978
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Table 5. (Continued)
Time,	 Upstream	 Average	 Liquid	 Entrainment
Minutes
	 Air Pressure,	 Reynolds	 Viscosity,
Inches Hg	 Number
	
Centipoise
x 10-4
15 19.2 9.83 48.80 0.975
15 19.2 9.83 41.0U 0.978
15 19.2 9.83 6.55 1.000
15 19.2 9.83 2.75 1.000
15 19.2 9.83 2.b0 0.996
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tTable 6. Entrainment Data for Test Section Two-S, 1/2 Filled, for
Various Liquid Viscosities and Air Flow Rates for the Steel
Exit Pipe.
Time, Upstream Average Liquid Entrainment
Minutes Air Pressure, Reynolds Viscosity,
Inches Hg Number Centipoise
10-4x
2 6.4 5.94 209.00 0.474
2 b.4 5.94 109.00 0.634
2 6.4 5.94 103.00 0.688
2 6.4 5.94 83.00 0.712
2 b.4 5.94 77.00 0.642
2 6.4 5.94 70.50 0.614
2 6.4 5.94 69.00 0.657
2 6.4 5.94 49.10 0.654
2 6.4 5.94 35.20 0.632
2 6.4 5.94 22.40 0.688
2 6.4 5.94 4.00 0.769
2 9.6 7.14 105.00 0.879
2 9.6 7.14 76.50 0.898
2 9.6 7.14 36.30 0.862
2 9.6 7.14 6.20 0.926
2 12.8 8.27 126.U0 0.899
2 12.8 b.27 61.40 0.937
2 12.8 8.27 3U.5U 0.914
{ 2 12.8 8.27 5.50 0.948
2 19.2 11.18 142.00 0.950
- 2 19.2 11.18 24.60 0.989
- 65 -
l . t in t at est ct o- , /2 i e   
ari i iscosit ir o at t t l 
xit i e. 
i e, pst ea  ver   t in e t 
inutes i r ss re, ol  is osit , 
 ber enti i  
 -4 
-"" 
     
 6     
l     
   .UO  
 6     
     
     
     
     
     
     
     
   . U  
     
     
   0   
 .t!    
   0 0  
 B .    
 .     
     
6  
g Table 6. (Continued)
Time, Upstream Average Liquid Entrainment
Minutes Air Pressure, Reynolds Viscosity,
Inches hg Number Centipoise
10-4x
2 19.2 11.18 5.30 0.992
LE 5 6.4 5.94 212.00 0.626
5 6.4 5.94 115.00 0.716
5 6.4 5.94 103.00 0.712
5 6.4 5.94 100.00 0.731
5 6.4 5.94 88.10 O.bb6
5 6.4 5.94 79.10 0.780
5 6.4 5.94 71.00 0.727
5 6.4 5.94 54.00 0.726
5 6.4 5.94 36.20 0.649
5 6.4 5.94 25.60 0.707
5 6.4 5.94 b.3U 0.784
5 9.6 7.14 105.00 0.879
5 9.6 7.14 7b.50 0.898
5 9.6 7.14 36.30 0.862
5 9.6 7.14 6.20 0.926
- 5 12.8 8.27 132.00 0.954
5 12.8 8.27 61.40 0.964
5 12.8 8.27 35.40 0.927
5 12.8 8.27 5.50 0.963
5 19.2 11.18 142.00 0.950
5 19.2 11.18 24.60 0.989
0
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Table b. (Continued)
5
10
10
10
10
10
10
10
10
lU
10
10
10
10
10
10
10
10
10
10
10
10
19.2
b.4
6.4
6.4
b.4
6.4
b.4
6.4
6.4
6.4
b.4
9.6
9.b
9.b
9.6
12.8
12.8
12.8
12.8
19.2
19.2
19.2
Time,	 Upstream	 Average	 Liquiu	 Entrainment
Minutes	 Air Pressure,	 Reynolds	 Viscosity,
Inches hg	 Number	 Centipoise
	
x 10-4
	 i
11.18
5.94
5.94
5.94
5.94
5.94
5.94
5.94
5.94
5.94
5.94
7.14
7.14
7.14
7.14
6.27
8.'27
8.27
8.27
11.18
11.18
11.18
5.31
212.00
12b.50
102.00
101.00
88.10
88.10
59.00
41.50
23.50
5.00
117.U0
76.50
35.U0
b.20
132.00
70.00
3b.b0
4.90
144.00
24.60
5.30
0.992
0.687
0.764
0.744
0.602
0.724
0.824
0.771
0.762
0.744
0.814
0.924
0.936
0.898
0.934
0.955
0.979
0.949
0.9b6
0.961
0.993
0.994
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6Table b. (Con^inued)
Time,	 Upstream	 Average	 Liquid	 Entrainment
Minutes
	
Air Pressure,	 Reynolds	 Viscosity,
Inches Hg	 Number
	
Centipoise .
x 10-4
15 6.4 5.94 212.00 0.726
15 6.4 5.94 126.50 0.774
15 6.4 5.94 120.00 0.830
15 6.4 5.94 102.00 0.747
15 6.4 5.94 102.00 0.774
15 6.4 5.94 83.50 0.849
15 6.4 5.94 63.40 0.821
15 6.4 5.94 45.50 0.787
15 6.4 5.94 28.00 0.777
15 6.4 5.94 5.40 0.821
15 9.6 7.14 117.00 0.938
15 9.6 7.14 73.40 0.944
15 9.6 7.14 35.00 0.909
15 9.6 7.14 6.20 0.924
15 12.8 8.27 132.00 0.957
15 12.8 8.27 70.00 0.988
15 12.8 8.27 36.60 0.962
15 12.8 8.27 4.70 0.9b9
15 19.2 11.18 144.UU 0.963
15 19.2 11.18 24.60 0.988
15 19.2 11.18 5.30 0.996
4F
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STable 7. Entrainment Data for Test Section Four, 1/4 Filled, for
Various Entrapped Liquid Viscosities and Air Flow Rates.
Time, Upstream Average Li41id Entrainmenc
Minutes Air Pressures, Reynolds Visccsity,
Inches hg Numb-r CenLipoise
x 10-4
2 23.0 6.25 7.74 0.875
2 23.0 6.25 9.70 0.920
2 23.0 6.25 14.80 0.833
2 23.0 b.25 26.90 0.56
2 23.0 o.25 60.60 U.719
2 23.0 6.25 62.00 C.719
2 30.0 7.25 18.UU 0.929
2 30.0 7.25 37.70 0.814
2 30.0 7.25 47.30 0.629
2 30.0 7.25 131.00 0.845
5 23.0 6.25 9.05 0.915
5 23.0 6.25 12.3U 0.915
5 23.0 b.25 18.40 0.915
5 23.0 b.25 30.40 0.814
5 23.0 b.25 6U.bU 0.809
5 23.0 6.25 67.00 0.75U
5 30.0 7.25 17.UU U.963
5 30.0 7.25 42.50 0.926
5 30.0 7.25 55.bU u.b94
5 3U.0 7.25 131.00 0.878
lU 23.0 b.25 11.10 0.919
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Table 7. (Continued)
Time,	 Upstream	 Average	 Liquid	 )entrainment
Minutes	 Air Pressures,	 Reynolds	 Viscosity,
Inches lig	 N.,mber	 Centipoise
x 10-4
10 23.0 6.25 20.10 U.940
10 23.0 6.25 37.00 0.880
10 23.0 6.25 60.60 0.809
10 3U.0 7.25 19.UU 0.988
10 30.0 7.25 35.60 0.987
10 30.0 7.25 b3.60 U.93U
10 30.0 7.25 131.00 0.866
.1.5 23.0 6.25 11.90 0.938
15 23.0 b.25 20.10 0.959
15 23.0 6.25 39.60 0.900
15 23.0 b.25 43.00 0.890
15 23.0 6.25 120.00 0.870
15 30.0 7.25 19.00 1.000
15 30.0 7.25 40.50 1.000
15 30.0 7.25 95.UU 0.978
IS 30.0 7.25 173.UU 0.888
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ITable 8. Entrainment Data for Test Section Four, 112 Filled, for
Various Entrapped Liquid Viscosities and Air Flow Rates.
Time, Upstream Average Liquid Entrainment
Minutes Air Pressures Reynolds Viscosity,
Inches iig Number Centipoise
x 10-4
2 23.0 6.99 1.44 1.000
2 2^.? b.99 2.4b 0.944
2 23.0 6.99 6.70 0.943
2 23.0 6.99 8.20 0.888
2 23.0 6.99 16.50 0.832
2 23.0 6.59 29.60 0.796
2 23.0 6.99 45.70 u.8U8
2 23.0 6.99 61.20 0.792
2 23.0 6.99 121.00 0.782
2 23.0 6.99 2;8.00 0.785
2 30.0 8.30 1.07 1.000
2 30.0 8.3u 2.35 0.958
2 3U.0 8.3U 6.80 0.973
2 30.0 6.30 13.40 0.920
2 30.0 8.30 41.60 0.900
2 30.0 8.30 77.60 0.876
2 30.0 8.3U 172.20 0.888
5 23.0 6.99 1.42 1.000
5 23.0 6.99 2.49 0.962
5 23.0 6.99 7.60 0.975
5 23.0 6.99 8.20 0.935
5 23.0 b.99 20.90 0.891
a
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Table 8. (Continued)
Time,	 Upstream	 Average	 Liquid	 Entrainment
Minutes	 Air T ressures	 Reynolds	 Viscosity,
1nLnes Rg	 Number	 Centipoise
x 10-4
i
5 23.0 6.99 35.00 0.845
5 23.0 6.99 61.10 0.844
5 23.0 6.99 66.50 0.845
5 23.0 6.99 147.00 0.832
5 23.0 6.99 222.00 0.835
5 30.0 8.30 1.07 1.000
5 30.0 8.30 6.80 0.978
5 30.0 8.30 14.50 0.950
5 30.0 8.30 41.60 0.944
5 30.0 8.30 42.00 0.963
5 30.0 8.30 93.50 0.925
5 30.0 8.30 173.50 0.943
10 23.0 6.99 1.42 1.000
lU 23.0 6.99 2.b4 0.968
lu 23.0 6.99 7.70 0.966
lU 23.0 6.99 22.5U 0.911
lU 23.0 b.99 47.40 0.889
lU 23.0 6.99 58.20 0.892
10 23.0 6.99 85.UU 0-875
10 23.0 6.99 154.00 u.682
10 23.0 6.99 221.00 0.9U2
lU 30.0 8.30 1.0 1.000
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Table 8. (Continued)
Time,	 Upstream	 Average	 Liquid	 L:ntrairment
Minutes
	 Air Pressures	 Reynolds	 Viscosity,
Inches Hg	 Number	 Centipoise
x lU-4
lu 8.30 7.36 0.988
10 30.0 8.30 17.UU 0.981
lU 30.0 8.30 43.60 0.980
10 30.0 8.30 50.50 0.952
lU 30.0 6.3u 116.00 0.952
lU 30.0 6.30 197.8U 0.967
15 23.0 6.99 1.42 1.000
15 23.0 6.99 2.64 0.972
15 23.0 6.99 6.80 0.97o
15 23.0 6.99 24.90 U.926
15 23.0 6.99 53.00 0.878
15 23.0 6.99 62 20 0.910
15 23.0 6.99 85.00 0.916
15 23.0 6.99 143.00 0.904
15 23.0 6.99 253.00 0.929
15 30.0 8.30 1.07 1.000
15 30.0 6.30 5.66 0.995
15 30.0 8.30 21.10 0.979
15 30.0 8.3U 46.80 0,987 
15 30.0 8.30 53.00 u 676
15 30.0 8.30 54.40 0.954
15 30.0 8.30 183.00 0.95b
15 30.0 8.30 199.00 0.969
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